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Standard Model and Beyond

Fundamental laws derived from few, Quarks
basic guiding principles:

e Symmetries (gauge theories)
e Simplicity and beauty (few parameters) Forces
e Naturalness (avoid fine-tuning)

e Anarchy (everything is allowed)

Standard Model of particle physics:

e works beautifully, explaining all

experimental phenomena with great boson
precision Leptons

e no compelling hints for deviations
e triumph of 20" century science
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Standard Model and Beyond

Fundamental laws derived from few, Quarks
basic guiding principles:

e Symmetries (gauge theories)
e Simplicity and beauty (few parameters) Forces
e Naturalness (avoid fine-tuning)

e Anarchy (everything is allowed)

-

But many questions remain unanswered:

e Origin of generations and structure of

Yukawa interactions? boson
Leptons

e Matter-antimatter asymmetry?
e Unification of forces? Neutrino masses?

e Dark matter and dark energy?
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Standard Model and Beyond

Fundamental laws derived from few,
basic guiding principles:

e Symmetries (gauge theories)

e Simplicity and beauty (few parameters)

e Naturalness (avoid fine-tuning)
e Anarchy (everything is allowed)

-

But many questions remain unanswered:

e Origin of generations and structure of
Yukawa interactions?

e Matter-antimatter asymmetry?

e Unification of forces? Neutrino masses?

e Dark matter and dark energy?

Quarks
e W T
Ve |V Vs
Leptons

Forces

Higgs
boson

Strong prejudice that there

must be “New Physics”
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Standard Model and Beyond: The Gordian Knot

What is the “New Physics” and how to find it ?



Standard Model and Beyond

extended Higgs extended
sectors technicolor symmetry

universal extra large extra warped extra gauge-Higgs Higgsless
dimensions dimensions dimensions unification models

; i i i G|U
unparticles Little Higgs hidden valleys not yet thought of ...
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Standard Model and Beyond

Which Higgs ?
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Standard Model and Beyond

private Higgs

charming Higgs

JG6lu

the God particle burried Higgs
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Searches for New Physics: Energy Frontier

Production of new particles at high-
energy colliders probes directly the
structure of matter and its interactions:

e Charm at BNL, SLAC (1974)
e Bottom by E288 at FNAL (1977)

e W, Z bosons by UA1/2 at CERN
(1 983) Minimal supersym-

metric SM (MSSM)
e Top by CDF, DO at FNAL (1995)
e Higgs at FNAL (?), CERN (?), ...

However, quite different scenarios of
New Physics can lead to very similar
signatures and hence to experimental

signals that are difficult to disentangle 7 :

Universal Extra
Dimensions (UED)
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Searches for New Physics: Energy Frontier

Production of new particles at high-
energy colliders probes directly the
structure of matter and its interactions:

e Charm at BNL, SLAC (1974)
e Bottom by E288 at FNAL (1977)

e \V, Z bosons by UA1/2 at CERN
(1983)

e Top by CDF, D@ at FNAL (1995)
e Higgs at FNAL (?), CERN (?), ...

similar theory

However, quite different scenarios of comparable signals at

New Physics can lead to very similar
signatures and hence to experimental
signals that are difficult to disentangle LHC inverse problem
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Searches for New Physics: Intensity Frontier

Low-energy experiments at high luminosity

study effects resulting from virtual particle Indirect constraints on
exchange: the Higgs mass:
— March 2009 m .. = 163 GeV
e Charm mass from K-K mixing 61T H
- . ' . Ao® =
e Top mass from B—B mixing, precision 51 W% — Lo - _
measurements at Z pole ' %} -002749:0.00012 M .
4 1o+« incl. low Q° data —
e Higgs mass from electroweak precision -
(Q\/ 5
observables = 8- § .
e hints for New Physics in (g-2),: ”- é ]
au®® - a,°M = (290+90)-10-1 _ °
Jegerlehner, Nyffeler (2009) - O |
. L . ©
Offers indirect insights into the structure JLEP o
o _ excluded =
of matter and its interactions at quantum 0 30 " 300

level

sonannes GUTENBERG
UNIVERSITAT MAINz



Searches for New Physics: Intensity Frontier

Low-energy experiments at high luminosity
study effects resulting from virtual particle Global analysis of the
exchange: unitarity triangle:

1.5

e Charm mass from K—K mixing

e Top mass from B—B mixing, precision !
measurements at Z pole

05

e Higgs mass from electroweak precision

observables = oop

* hints for New Physics in (g-2).: -05]
a,®® - a,°M = (290+90)-10-1 i : .
Jegerlehner, Nyffeler (2009) _1.0 g,
: fitt : Y I.w/ cos 2B < 0 ]

4 : T . : I I I | ( IItCL |
Provides sensitivity to energy regimes and %0 05 00 05 10 15 20
probes aspects of couplings not accessible p

to direct searches, paving the way for
discoveries or constraints of New Physics
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Searches for New Physics: Interplay

Complementarity and synergy:

Answering the open questions of elementary
particle physics requires a joint effort:

e Theory: precision calculations in the SM,
studies of New Physics, model-building, ...

e High-energy experiments: Tevatron, LHC,
ILC (?), CLIC (?), Muon Collider (?), ...

* Low-energy experiments: BaBar, Belle,
Super-B, NA62, J-PARC, Project X,
neutrino physics, EDMs, (g-2)y, ...

Theory

New
Phys CS
Intensity Energy
Frontier Frontier
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Searches for New Physics: Interplay

Complementarity and synergy: Theory

Answering the open questions of elementary
particle physics requires a joint effort:

e Theory: precision calculations in the SM,
studies of New Physics, model-building, ...

New
e High-energy experiments: Tevatron, LHC, Physics
ILC (?), CLIC (?), Muon Collider (?), o ‘
N .
* Low-energy experiments: BaBar, Belle,
Super-B, NA62, J-PARC, Project X, Intensity Energy
neutrino physics, EDMSs, (g-2)y, ... Frontier Frontier

-~

Quark flavor physics is a crucial component in
this program, which provides surgical probes o
subtle corrections to fundamental interactions
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Flavor Structure in the SM and Beyond

Flavor physics means phenomena related to

Yukawa couplings and generation-changing > > > >
interactions in the fermion sector g g
In SM: 257 4
. L . . O : unit matri : CKM |
¢ all flavor-violating interactions encoded in i A V': CKM matrix
Yukawa couplings to Higgs boson
e suppression of flavor-changing neutral d @ @
currents (FCNCs) and CP violation in quark
sector due to unitarity of CKM matrix, small / 1 A A3 \ "

mixing angles, and GIM mechanism

V|l =2 1 X

@
S Ve

A = 0.22, Cabibbo angle
Glu

—

N. Cabibbo M. Kobayashi T. Maskawa

Nobel Price in Physics 2008 for Kobayashi & Maskawa sorannes GUTENBERG
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Flavor Structure in the SM and Beyond

Flavor physics means phenomena related to

Yukawa couplings and generation-changing > > > >
interactions in the fermion sector ; ;
In SM: Z,7 W

O : unit matrix V - CKM matrix

e all flavor-violating interactions encoded in

Yukawa couplings to Higgs boson . R
e suppression of flavor-changing neutral AN
currents (FCNCs) and CP violation in quark
sector due to unitarity of CKM matrix, small

mixing angles, and GIM mechanism ——\/\/\V/\N\——

! ,mE—m2  ,mi-m2 ., m?
~ S ~ . *
E Nij f(mi,my) = g T AT RN s A= ViV
» % % W
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Flavor Structure in the SM and Beyond

In extensions of SM, additional flavor and CP
violation can arise from exchange of new scalar
(H*, g, ...), fermionic (g, t’, ), ...), or gauge

Z’, gV, ...) degrees of freedom

e new flavor-violating terms in general not
aligned with SM Yukawa couplings Yu, Yq

e can lead to excessive FCNCs, unless:
- new particles are heavy: m; >> 1 TeV
- masses are degenerate: Amj << mi

- mixing angles are very small: Uj << 1

-
Absence of clear New Physics signals In

FCNCs implies strong constraints on flavor
structure of TeV-scale physics (if it exists)

MSSM
Z pinguin
Z

CKM
matrix

misalignment

sources of
vor breaking

flavor space
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Flavor Structure in the SM and Beyond

LEFT — _I_Lgauge EYukawa 1 ‘C(5)
Auv

|\ J |\
h'd

electroweak symmetry

breaking Higgs mass

T d

S
e P S
h h 1672 A2
T g h uv

assuming generic
flavor structure

Possible solutions to flavor problem explaining Aniggs << Aflavor:

no fine-tuning U bounds on flavor mixing l}

(i) Auv>>1 TeV: Higgs fine tuned, new particles too heavy for LHC

(i) Auv = 1 TeV: quark flavor-mixing protected by a flavor symmetry RS
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Flavor Structure in the SM and Beyond

AUV [TGV]

Generic bounds without flavor symmetry

10° ¢
102+

101 ¢

(s = d)

Amp, €x

b—d) (b s)
Amg, sin206  Amg, A%,
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What is the Dynamics of Flavor?

While SM describes flavor physics
very accurately, it does not explain its
mysteries:

¢ \Why are there three generations in
nature?

¢ \Why does the spectrum of fermion
masses cover many orders of
magnitude (15t hierarchy)?

Yukawa coupling

100

10-1

1073

10-4

10-5

10-6

— A —
E A up-type quarks t

__V down-type quarks —
= b 3
_ s -
; v :
3 d =

u v
— A —
1 st 2nd 3rd
generation generation generation
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What is the Dynamics of Flavor?

While SM describes flavor physics o
very accurately, it does not explain its Area of unitarity
y Ys P triangle measures

mysteries: amount of CP

e Why are there three generations in viclation in SM

nature?

¢ \Why does the spectrum of fermion
masses cover many orders of
magnitude (15t hierarchy)?

¢ \Why is the mixing between
different generation governed by
small mixing angles (2" hierarchy)?

e \Why is the CP-violating phase of
the CKM matrix unsuppressed?
s

Answers to these questions necessarily require going
beyond the SM -- an interesting approach is offered by

Randall-Sundrum models with warped extra dimensions JGlu
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Flavor Structure in RS Models

Randall, Sundrum (1999)

ultraviolet
(UV) brane

infrared
(IR) brane

R - R’

e Solution to gauge hierarchy problem via gravitational redshift

e AdS/CFT calculable strong electroweak-symmetry breaking:
holographic technicolor, composite Higgs

e Unification possible due to logarithmic running of couplings 6lu
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Flavor Structure in RS Models

warped extra dimension
UV brane AdSs geometry IR brane

0 7 14 21 28 L =In(Mpi/Mw) = 37

Localization of fermions in extra dimension depends exponentially on
O(1) parameters: five-dimensional bulk masses parameters ¢,

Grossman, Neubert (1999); Ghergetta, Pomarol (2000) JG|U
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Flavor Structure in RS Models

warped extra dimension
UV brane AdSs geometry IR brane

F(Qs,)

F(dRr)
0) 7 14 21 28 37

Overlaps F(Q1), F(gr) with IR-localized Higgs sector and Yukawa couplings

are exponentially small for light quarks, while O(1) for top quark

Grossman, Neubert (1999); Ghergetta, Pomarol (2000) JG|U
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Flavor Structure in RS Models

warped extra dimension
UV brane AdSs geometry IR brane

0 7 14 21 28 37

Kaluza-Klein (KK) excitations of SM particles live close to IR brane

Davoudiasl, Hewett, Rizzo (1999); Pomarol (1999)
JG6lu
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Flavor Structure in RS Models

warped extra dimension
UV brane AdSs geometry IR brane

0 7 14 21 28 37

Since light quarks live in UV, their couplings to W and Z bosons, as well as

to KK gauge bosons, are almost flavor-independent  Ghergnetta, Pomarol (2000)
JG6lu
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Hierarchies of Quark Masses and CKM Angles

¢ SM mass matrices can be written as  Huber 2003)

( . . = \
(V) . .
mM = s diag [F(QU] Y diag [F(g)] = | = =
\= = )
where Y, with ¢ = u,d are structureless, complex Yukawa matrices with O(1)
entries, and F(Q,) << F(Q)), F(qi) << F(g)) for i <

* In analogy to seesaw mechanism for
neutrinos, matrices of this form give rise
to hierarchical mass eigenvalues and
mixing matrices

Warped-space Froggatt-Nielsen mechanism!

Froggatt, Nielsen (1979); Casagrande et al. (2008); Blanke et al. (2008)

JG6lu
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Hierarchies of Quark Masses and CKM Angles

e Thus:

[ \
mg ~ %diag [F(Q:)F(g:)] =
\ _
(FQ) ._. \
(Vern) . ~ 4 Q) - =
Y F(Q;) P>
\ F(QZ)7 \ )

)
® Hierarchies predicted and readily adjusted by O(1) variations of bulk masses

* CP violating phase is predicted to be unsuppressed! casagrande et al. (2008); Blanke et al. (2008)

JG6lu
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RS-GIM Protection of FCNCs

F(Q11)
> < ;K L F(Qur)F(dr) F(Q21)F(sr)
F(Q2r) i

e Quark FCNCs are induced at tree-level through virtual exchange of KK gauge
bosons (including KK quons!) Huber (2003); Burdman (2003); Agashe et al. (2004); Casagrande et al. (2008)

¢ Resulting FCNC couplings depend on same exponentially small overlaps
F(QL), F(gr) that generate fermion masses

e FCNCs involving quarks other than top are strongly suppressed!
(true for all induced FCNC couplings) Agashe et al. (2004)

This mechanism suffices to suppress all but one
of the dangerous FCNC couplings!
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RS-GIM Protection of FCNCs

10°
10}
% L
=l 3
S (O
D L
<
102+

101 ¢

%

(s = d)

Amg, €x

b—d) (b s)
Amg, sin206  Amg, A%,

(¢ — u)

D—-D

RS-GIM protection with KK masses of order few TeV

sonannes GUTENBERG
UNIVERSITAT MAINZ



RS-GIM Protection of FCNCs

10°
10*
% |
= 3|
~ 10
D L
= |
10%¢
10!

KK masses — |

(s = d)

Amg, €k

requires fine-tuning of O(102)
Csaki, Falkowski, Weiler (2008); Blanke et al. (2008);

large
effects

Bauer et al. (2008, 2009)

large
effects

b—d) (b s)
Amg, sin206  Amg, A%,

(¢ — u)

D—-D

RS-GIM protection with KK masses of order few TeV
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Golden Modes: Rare Kaon Decays

e Spectacular corrections are possible in very clean K — mvv decays, even

saturating the Grossman-Nir bound, B(K; — 7%v) < 4.4 B(K" — 7v)
Blanke et al. (2008); Bauer et al. (2009)

120
100 _
* SM: B(K+— 7rw) ~ 831011,

’?O 80 B(KL_) 7T0V\_/) ~ 2. - 10_11
oli 60 . ":.- - = central value and 68% CL limit
) BK*— wvw) = (17.3*113) - 10-1
40 ) from E949
XQ °

20 i e consistent with quark masses,

o et e CKM parameters, and 95% CL
) R limit |ex] € [1.3,3.3]-10-3
0 5 10 15 20 25 30 35

JG6lu
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Golden Modes: Rare B Decays

e Factor ~10 enhancements possible in rare Bys— 1'u~ modes without

violation of Z— bb constraints; effects largely uncorrelated with |k
Blanke et al. (2008); Bauer et al. (2009)

70
60 ) ¢ SM B(Bd_) ﬂ+ﬂ_) ~ 12 " 10_10,
| BBs— u'u) =39-107°
g’?_‘ 50t M 95% CL D@ _
= "7 SrLch f - - minimum of 5.5 - 10~ for 50
~ 40} ' discovery by LHCb, 2 fb-!
x|
kU . ] B 95% CL upper limit from CDF:
IR | B(Bs — ') < 5.8+ 10-8
Q 20} 3. ' :
: * consistent with quark masses,
CKM parameters, Z—bb, and 95%
CL limit |ex| € [1.3,3.3]-1073

B(By > pu) [1071]

JG6lu
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Correlations with Higgs physics

® Properties of the Higgs boson offer alternative ways to probe, via
modifications of SM couplings and virtual effects from heavy KK states, the
structure of warped extra-dimension models

e Recently, we have performed the first complete one-loop analysis of Higgs
production and decays in the RS model with custodial symmetry

Casagrande, Goertz, Haisch, MN, Pfoh:

a b, W,z arXiv:0510.4315
t - - _ . _______-_—-—- . ________
h h
t bt W,z

Y Z Z
t W t %
t - t
h h W h h W
t W t 4%
g v, 4 v, 4



Higgs production cross sections

e Find possibly spectacular effects on Higgs production via gluon fusion, even
~ 2.45MyK):

for high KK masses (mG(l)
KK
N "
Tevatron . gg o h LHC
Vs =196 TeV
1t ] 10k
o <
S 0.1F &1
b b
001} 0.1}
0.001 0.01
10 10—
Tevatron N gg - h LHC
Vs =196 TeV
1+ |
2 o1l =
b b
001}
MKK:3TCV
0.001 001 e e




Higgs decay branching fractions

e Correspondingly, find possibly significant impact on h—+gg and h—=yy
branching ratios:

MKK =2TeV




Complementarity of High Energy and Precision

Rare decay B— Xsy



Probing FCNCs in B—Xsy Decay

BB—>X E >16GeV BB—>X6VeXp F(bHSV)]
['(b — cep)
A2
Misiak et al. (2006); Becher, Neubert (20006) Lee, Neubert, Paz (20006)
NLO QCD ® LO QCD + local 1/mg?
® NLO EW LO QCD + local 1/mc?
S0% @ NNLO QCD @® non-local (1) 1/mp
|\ _J |\ _J
Y Y
perturbative non-perturbative

relative size of corrections compared to leading-order (LO) branching ratio
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Probing FCNCs in B—Xsy Decay

F b
['(b — cep)
Misiak et al. (2006); Becher, Neubert (20006) Lee, Neubert, Paz (20006)

NNLO perturbative calculation (technically
difficult) and systematic estimate of non-local
power corrections (conceptually difficult) are
required in order to obtain an uncertainty of 5%

30%

)= 506GV = (3154 0.23) x 107*

B(B — Xsv

B(B — X, v)Ex>1-6GeV — (359 4 0.23 4+ 0.09) x 10~4

exp

relative size of corrections compared to leading-order (LO) branching ratio

sonannes GUTENBERG
UNIVERSITAT MAINZ



Probing FCNCs in B—Xsy Decay

Systematic analysis of non-local Aqco/mp corrections based on novel
factorization theorem derived using soft-collinear effective theory:

Corrections to short-distance calculation of decay rate: Benzke, Lee, Neubert, Paz:
arXiv:1003.5012
Ci(p) Aiz(m?/my,p) | Csg(p) Azg (1)
Fr(A) = S — Ao
e ) BT e ) A T
2

Ags(A A

i (OSQ(M)> [47@5(#) (B, 1) Croslp) & 4 A +...

C?’y(:u) iy O my mg

Our estimate:

Irreducible theoretical
uncertainty! JG|u

jonannes GUTENBERG
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Impact on New Physics: Type-ll 2ZHDM

LEP B -»71v, B > Dty K - v,

b HT s

—l) e e

" 4 Haisch (2008)

g 8
b H_l_ V’T
-— g -
U T
Mu+dependence 0

2HDM diagrams of amplitude 0 10 20 30 40 50 60 70
tanf

Flavor physics, in particular B—Xsy and B—1v, yield constraints much
stronger than those derived from LEP data

JG6lu
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Impact on New Physics: Type-ll 2ZHDM

6000 —mm™mmmm—m—m———————————————+—————+————
b H‘|‘ S B->Xyy Ry LEP B -1y, B > Dt K > py,
—_— — A — ———
4 4 Haisch (2008) /’
LHC \ /’
ATLAS 10 fb™

5
i

2HDM diagrams

/
4

Mu+dependence 0
of amplitude 0 10 20 30 40 50 60 70

tanf

Existing constraints in tan3-My+ plane from flavor physics are comparable
and complementary to the expected 95% CL exclusion limits from LHC,
derived using gg,gb — t(b)H" followed by H" — v, b

JG6lu
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Impact on New Physics: MSSM

A gluino cascade decay 700 -
chain that can be used to PSS | a: ~ .
reconstruct mass of lightest 600 - " tanf3=20 d 7
stau at LHC I i
_ . 500F -

b %

O, [
b » 400 -

~ % i

g 3 ++ GE) i
bl < 300 .

-0 e ) s
X2 S o 200 - ~

o ~ L

T X
0 100 - -

X1 f

0

Knowing masses of gluino (g), sbottom (b1), and neutralinos ()(0 ), the mass of
the lightest stau (71) can be measured with precision of only 20% at LHC

LHC sensitivity to tanp is thus typically not very large, since sparticle spectrum
does not change significantly with tang
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Impact on New Physics: MSSM

+100
b HT s
—e ) o—— b H_|_ V’T +80_ -
_|_ —
, , — +60} * Bs — prp
2, - Ao (B — K™y)

u T > +40 N
gv N o +20f I ;
~ > o 7
3 b X S .}_'é 0k E — -
b X g ——erAane— T | N '
A AAAAA _ _ S -20 B — tv; ]
A Coe ! g owop :
AOE po 3 _eof ' -
N ‘< ~80 i SPS|la: @anB=20 ]
MSSM diagrams T —1ool |

Branching ratios of B — Xy, B — tv, Bs — u"u~, and isospin asymmetry of
B — K™y, depend quite sensitively on tan/

By measuring correlated shifts in these observables, it might be possible to
determine tanp with 10% accuracy, by far exceeding LHC sensitivity
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Impact on New Physics: MSSM

b H+ 400 | | | | | |
S I
—_— — <« — —@—>— b H_|_ Vr 390+ LHC + indirect constraints -
¢ ¢ — — 380 —
U T 370 -
Y S 360 .
N O, 350 .
~ 4 b X S Z
b X S — A A A < 340 -
—e e - -
_ N t ; t 330 i
t t
0! - 320 .
A : i 310 LHC only ]
,y . .<_|_ 300 ] ] ] ] ] ]
MSSM diagrams H 10 20 30 40 50 60 70

tan3
Branching ratios of B — Xy, B — tv, Bs — u"u~, and isospin asymmetry of
B — K™y, depend quite sensitively on exact value of tan/

By measuring correlated shifts in these observables, it might be possible to
determine tanp with 10% accuracy, by far exceeding LHC sensitivity
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Puzzles in the Flavor Sector: Facts or Fiction?

JG6lu

Several observables don’t look quite right ... (~20 effects) o UTENBERG

UNIVERSITAT MAINzZ



Puzzles in the Flavor Sector: Facts or Fiction?

sin2f from CP violation
tree vs. loop in Bs mixing
processes

/|Vcb| and |Vub| enhanced
exclusive vs. B—TV rate

\_ inclusive x

not yet

AAcpr(B—
op{ k) measured ...

puzzle

JGU
Several observables don’t look quite right ... (~20 effects)

sonannes GUTENBERG
UNIVERSITAT MAINZ



Puzzles in the Flavor Sector: Facts or Fiction?
sin2B from CP violatlo]
tree vs. loop in Bs mixing

[ processes

flvcbl and |Vub| nhanced
B—oTV rat

exclusive vs.
asymmetry in
R e
Perhaps one of these hints

\_ inclusive
IVub| vs.
GinZB and e?
- not yet
(AA%EZI;K) will solidify and pmq s the meurad )
way beyond the'S

Several observables don’t look quite right ... (~20 effects)
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Summary and Outlook

The first collisions at the LHC mark the beginning
of a fantastic era for particle physics, which holds

Y

promise of ground-breaking discoveries SN

ATLAS and CMS discoveries alone are unlikely to
provide a complete understanding of the observed phebo

Flavor physics (more generally, low-energy precision physics) -
will play a key role in unravelling what lies beyond the Standard
Model, providing access to energy scales and couplings
unaccessible at the energy frontier

Only the synergy of LHC and high-precision experiments may
give us the key to solving the puzzles of fundamental physics



